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A computer program was developed to solve the quasi-one-
dimensional, unsteady flow problem associated with starting
phenomena in various nozzle-short diffuser combinations of
interest to gas dynamic lasers. The program was based on the
techniques developed by George Rudinger in his book, Wave Dia -
grams for Nonsteady Flow in Ducts . The techniques were modi-
fied to facilitate a fixed grid for computational ease.
The program was used to analyze the starting transients
of a Mach 3 nozzle with a semi-wedge diffuser. Results indi-
cated that for a given inlet /exhaust pressure ratio, diffuser
starts could be obtained at higher ramp angles for thin dif-
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a speed of sound
A area
c specific heat at constant pressure
c specific heat at constant volume
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Dt derivative in the direction of a particle path (substan-tial derivative)
e gas internal energy per unit mass
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u velocity
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Gas Dynamic Lasers (GDLs) typically operate at cavity
Mach numbers of 4.0 to 5.5 in order to obtain the kinetics
desired for population inversion and signal gain. GDL opera-
tion often consist of a series of short bursts which result
in periods of supersonic flow followed by periods of no flow.
Although efficient pressure recovery is not of prime impor-
tance, the high Mach number, low pressure flow must be dif-
fused in order to permit exhausting to the atmosphere. While
rapid and efficient diffuser start-up is required in all
laser applications due to its effect on lasing performance,
it becomes especially critical in the short burst mode of
operation.
Some chemical lasers also require diffusing of low pres-
sure high flow rate gases. Since these gases are collected
and condensed or absorbed, diffuser efficiencies become more
important in this type of application.
Aircraft installation of lasers compounds the above prob-
lems with size, weight and pressure ratio limitations. Dif-
fusers used on GDLs currently constitute a large percentage
of the laser size and hence become prohibitive in airborne
installations. If an aircraft axial flow compressor is used
for gas supply, pressure ratios are limited to approximately
30 to 1.
The diffuser starting problem is similar to that obtained
in starting supersonic wind tunnels. Extensive work was done
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in this area following World War II and into the early 1950's.
Some of the means which have been utilized in starting these
tunnels are variable area diffusers, overpressure, perforated
walls, auxiliary air injection, and boundary layer control
[Ref. 6].
In conjunction with work being done for NAVAIR at China
Lake on the airborne gas dynamic laser, research is being
undertaken at the Naval Postgraduate School on minimizing
diffuser size requirements and starting time. The research
has proceeded along two directions; experimental and analyti-
cal. The experimental investigation of diffuser start-up has
been conducted by LCDR J. Zerr [Ref. 8], utilizing a blow-
down wind tunnel to establish Mach 3 and Mach 4 flow. As a
first step in the analytical program it was desired to have
a computer model by which various flow conditions could be
analyzed.
A complete analysis of the starting process would require
a four-dimensional approach: 3 spatial coordinates plus the
time coordinate. In such an approach, discontinuities and
non-linearities caused by the presence of shock waves create
problems of enormous complexity.
One can obtain insight into the starting phenomenon through
a quasi-one-dimensional analysis which utilizes one space and
one time coordinate. Transverse area-change effects may be
included if the radius of curvature of the change is large in
comparison with the axial duct length.
12

Rudinger [Ref. 5] treats the one-dimensional unsteady,
non-linear wave problem for flow in ducts. The procedures
he develops allow for the inclusion of heat addition, vari-
able entropy, variable area and several boundary conditions
and discontinuities. Since his method is designed for hand
graphical analysis, however, it does not lend itself directly
to computer numerical methods.
Spalding [Ref. 7] has modified the techniques of Rudinger
in order to permit efficient digital computation procedures.
His modifications consist primarily of the implementation of
a fixed spatial grid combined with a backward interpolation
of wave characteristics. Additionally, the Riemann variables
for the characteristics have been re-defined for ease of com-
putation .
Solution of the characteristic-wave problem is also dis-
cussed extensively in Refs. 1, 3, and 6. Several alternatives
are offered for handling the iteration process which inevit-
ably results from the inclusion of the area effect term. The
complexity of these schemes, in any case, must be weighed
against the increase in accuracy and the obvious limitations




The computer program developed in this thesis is based on
the quasi-one-dimensional unsteady wave analysis described in
Ref. 5 as modified by Ref. 7. These techniques have been
utilized in the development of a previous computer program,
PREX, for use with cyclic, constant area pressure exchangers.
Since many of the subroutines used in PREX were general in
nature, they were adapted as a starting point for this thesis
and extensions were developed to permit the calculation of
supersonic flow through ducts of varying area.
The program essentially solves a shock-tube type problem
in a duct with one closed end and one open end, (i.e., a
Ludweig tube). The nozzle and diffuser are located between
the diaphragm and the open end. When the diaphragm is broken,
pressure waves travel through the nozzle/dif fuser section
while rarefaction waves proceed toward the closed end. Since
the diaphragm is located closer to the open end, the diffuser
starts prior to the time the rarefaction waves reach the
closed end. In this manner the diffuser start-up process is
isolated from the reflected rarefaction waves returning from
the closed end in order to more closely approximate a reser-

























III. DERIVATION OF EQUATIONS
In the derivations of the characteristic equations, the
following implicit assumptions have been made:
1. The gas flow obeys the ideal gas relations.
2. The gas is calorically perfect (constant specific
heats)
.
3. The flow is considered quasi-one-dimensional (area
effects are included).
4. The duct is rigid in time with no mass flux through
the walls (e.g., no blowing or suction).
A. CONTINUITY
Figure 2 depicts the mass entering and leaving a control
volume during time dt. Conservation of mass requires:
Increase of mass within Net mass flux through
the control volume the control surface
3 3
-^-(PAdx)dt = pAudt-[pAu + -r— ( pAu)dx]dt
ot oX
JL(PA) +f^(pAu) =
Since the duct is rigid, A is not a function of time but
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Figure 3 depicts the forces on a control surface within
a duct of varying area. From Newton's second law:
body acceleration = forces acting on the body
mass of the body




^k {pA + H£dx - tPA + h^wi + f pAdx}
Expanding the above equation, one gets
H + uf ^hs»>A + pfdx - < pA + pidx + AHdx > + f pAdx ^
3t




The preceding control volume approach may also be used
for a similar derivation of the applicable energy equation.
Several reliable references have used this approach and the
results will not be duplicated here; exceptionally thorough
discussions are contained in Ref. 3 and 8. For an adiabatic,
quasi-one-dimensional flow of a perfect gas the energy equa-
tion reduces to:
J_(e + 3*1) + ul_(e + ill) + I 3 <PU > + Pu dA = o
dt K 2 } "ax 1"
6
2 ; p 3x Ap dx
u
where e is the gas internal energy/unit mass.
D. CHARACTERISTIC EQUATIONS
The equations of continuity, momentum and energy may be
combined to obtain the characteristic (Riemann) wave equations,
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Multiplication of the momentum equation by u yields
U|H + u2|u + u |£ =3t 3x p 3x




at ax p ax pA dx
The continuity equation
2£ + £2±dA.au_lp_
at A dx p 3x u 3x
may be re-written in the form
ET l£ + EU_3j2 + Pju_ + pjidA
p
7
at pr 3x p 3x pA dx








3t 3x J7 at p 7" 3x
For an ideal gas with constant specific heats
j/Sv 2 da dpd( R }
= Fla p •
For quasi-one-dimensional adiabatic flows the entropy of each







Combination with the continuity equation produces
3a 3a 3 ,y-1 , ,y-1,. dA , -. >.
at
+ u^
+ a^ [V u] = " (V )uad^ • (1)
The momentum equation
3t 3x p 3x
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^F - 2c~ ^ ' (2)
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Addition and subtraction of Equations 1 and 2 gives
|_(a + ^1 u) + (u+a)|_ Ca + 3=1 u) . |L. M _ C^X)p d&
P
3 , y-1 n
,
/ x3 , Y-l n a 2 3s (y-l)ua dA
Tt (a " 2 U) + (u
" a)^(a - 2 U)
=
" 2c^ fcE - 2 A to
Note that the above two equations can be interpreted as the
y-1
rate of change with time of the quantities (a + J-^—u) and
y-1 11(a - ' u j along lines with slopes of —— and respectively
a U"*"a u—
a
in the x, t plane. Defining new variables [Ref. 7]
y-1 %£




where s. = s + 2c In a - R In p* p
which implies
Pa = a
the derived equations may be re-written
Jt (P »+u >
+ <»*•>&*««> 35- H - ^'^ i
|^(Po-U) (u-a^CPa-U) - - |i- || - (^i)S| $
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Referring to Figure 4 and applying the above equations it
can be seen
-
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s s ps 2c 3x ps 2 A dx
P
which are the Riemann equations along the characteristics ex-
pressed in terms of the newly defined variables P , a , and U
s s s
Reference 2 treats the constant area case of duct flow for
which the above equations become
P a +U = P~a +U„ + / n §— —p P p Q Q Q pQ 2c dx
Pa-U =Pa-U - / |— |£
s s s s s s ps 2c 3x
P
Through an analysis of wave interaction including a con-
tact discontinuity, a justification is presented for writing
the above equations as " .
P an+U = Pnan+U„P Q p Q Q Q
Pa-U = P a -U
p s p s s s
and a = that value of a determined from the particle path of
P
slope 1/u.
Let HPS and HPQ represent the average values of
(^-5— )^f -r- along the characteristics PS and PQ respectively.
Then HPS dt and HPQ dt represent changes along the character-
istics over time step dt due to the changing area. The term
(-^7- )^f tt~ may be easily obtained at points S and Q and an
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DUCT END NODES
Figure k. Computational Procedure.
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The equations may now be re-written as
P an+\] = P^a_ +U.-HPQ dtp Q p Q Q Q
P a -U = P a -U -HPS dt
p s p s s s
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R < 5 >
where R is the x-intercept point of a characteristic having
a slope 1/u.
Equations (3), (4), and (5) are the equations which are
actually programmed. They are utilized in subroutine STEP
and are modified by boundary conditions for use in determin-
ing duct end values in subroutine PORTS. A discussion ' of
these modifications as well as how the equations are utilized
is contained in a description of the program.
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IV. DESCRIPTION OF PROGRAM SS DIFFUSER
A. PROGRAM EVOLUTION
The computer program developed is based on a program
called PREX by Lebius Matthews [Ref. 7]. PREX (mnemonic for
pressure exchanger) solves the unsteady flow problem result-
ing from opening and closing several valves which separate
the duct from ports maintained at various pressure levels.
The valves utilized are modeled as orifices which change
in size linearly with time during the opening and closing
process. Extensive work was done in attempting to adapt this
concept for application in program SS DIFFUSER (mnemonic for
super-sonic diffuser). In this application extremely rapid
valve operation was desired in order to simulate the high
pressure rises obtained in laser starting. Additionally,
the valves had to be re-modeled to handle subsonic and super-
sonic flow.
In all our attempts to use the valves in PREX, erroneous
stagnation pressure increases were observed near the area of
the valve. Once established, these new stagnation pressures
then propagated into the nozzle/dif fuser section. Addition-
ally the magnitude of the established flow Mach number in the
duct seemed to be a function of the valve opening time. The
valves were finally abandoned in favor of a more simplified
boundary condition which consists of a bursting diaphragm
such as witnessed in shock tube applications. Subroutine
PORTS was subsequently completely re-written to handle the
24

boundary conditions as outlined by Rudinger [Ref. 5]. Minor
modifications were made in subroutine PORTX and in the main
program, combined with the deletion of two other subroutines
which handled the cyclic aspect of the pressure exchanger
problem.
Most of the changes made to handle the variable area duct
were made in subroutine STEP. This is also the subroutine
which would have to be changed to include frictional or heat-
ing effects.
Subroutine STEP utilizes an entropy averaging process to
avoid the discontinuity problems associated with shock waves.
This is developed and discussed in depth in Ref. 6. The im-
pact of this averaging on the results is that entropy values
near the shock can not be relied upon to produce an accurate
representation of the physical process. Also, if a station-
ary shock appears somewhere in the duct, the entropy gradient
eventually averages out entirely.
B. EXPLANATION OF SUBROUTINES
The following is an explanation of subroutines used in
program SS DIFFUSER. Figure 5 contains a flow chart of the
computational sequence. A list of symbols used in the com-
puter program can be found in Appendix B.
1. BLOCK DATA (data input)
BLOCK DATA are divided into six categories of input
data. Under FLUID PROPERTIES, the specific heat, c and c^,























Figure 5. Flow Diagram of Program SS DIFFUSER.
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throughout the program. Input data under BOUNDARY CONDITIONS
are the temperatures and pressures at the ends of the duct.
IDATA allows one to specify static or stagnation pressure in-
put values. In the sample program these have been non-dimen-
sionalized with respect to atmospheric conditions. In section
VALVE PARAMETERS, the input value of NOVALV allows one to
specify a fully open or fully closed right duct end. INITIAL
CONDITIONS data fixes the values of temperature and pressure
within the duct prior to the start of calculation.
DUCT PHYSICAL GEOMETRY information is used by subroutine
ARAT to determine the area effect on the flow. A more de-
tailed discussion of these values is included in the descrip-
tion of subroutine ARAT. PLOTTING AND PRINTING PARAMETERS
controls the printing and plotting frequency and spacing of
spatial nodes in the output. It also provides for a maximum
time of solution, TMAX.
2. MAIN (main program)
The main program controls the order of calculations
and specifically the calling of the designated subroutines.
All the calculations are done on the subroutine level and
passed to main through dummy variables and common statements.
MAIN utilizes TMAX to determine the maximum solution
time.
3. INIT (initialization)
This subroutine utilizes the specific heat inputs to
determine the GAM- constants (see Program Terminology, Appen-
dix B) used throughout the program. It also establishes the
27

spatial interval according to the number of calculation points
desired.
Slopes, areas, temperatures and pressures are initial-
ized to the input values. From this information, initial
values of the entropy variable, SIG, are determined.
4. ARAT (area ratio)
Subroutine ARAT utilizes the duct geometry to calcu-
late the value of the area effect term in the Riemann Equa-
tions. Its output, RAT, is a ratio of the slope of the duct
wall to the duct area at each value of x. Areas and x-coor-
dinates have been non-dimensionalized with respect to duct
length in the sample program.
To provide for a smooth change of area in the nozzle
section, the area change has been modeled as a sinusoidal
variation. The sinusoid amplitude, B, is equal to one-half
the difference between the original duct area and the area at
the nozzle throat. Thus, a smooth contour having zero slope
at nozzle entrance, throat, and exit is provided.
The diffuser section allows for the modeling of a dif-
fuser having an initial ramp input and three subsequent changes
in flow direction. Figure 1 depicts the above models.
5. AUX (auxiliary)
Subroutine AUX calculates the values of output quan-
tities other than at spatial calculation nodes. Although the
values of A(I) and U(I) are used by subroutine STEP, other
computations made here are not critical to calculations made
by other routines. Their inclusion serves primarily as a
check on input data and boundary conditions.
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6. OUTPUT (printed output)
This routine gathers information from other subrou-
tines and consolidates it for printing and plotting purposes.
The plotting routine, UTPLOT, is a catalogued routine avail-
able under the IBM 360 system which was utilized. Similar
such routines may be easily substituted.
The variables shown in the sample output have been
non-dimensionalized with respect to atmospheric conditions.
The entropy value (s) is actually s/R.
7. STEP (time step)
In a sense, STEP is the real controlling routine with-
in the program. It controls the calculation at all interior
points and uses routines SLOPE and LININT to do so. It es-
sentially uses a backward linear interpolation scheme which
may best be described by reference to Fig. 4.
Consider the calculation at some interior point P.
At some previous time, ti, the solution exists at points Q,
R, and S as well as along the entire spatial grid. Since it
is desired to maintain a constant grid interval, character-
istics 1, m, and n are generated through P based on the pre-
viously known values of U and A at points Q, R, and S. For
the m characteristic shown, this would be the average of the
values of U+A at Q and R. This same techniques is then ap-
plied along the entire length of duct.
The linear interpolation scheme requires that these
characteristics intersect the x-axis at time ti somewhere be-
tween the calculation node and the adjacent node. To
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facilitate this, the time step is adjusted to correspond with
the minimum slope characteristic. Additionally, since this
characteristic is only a first approximation, only a portion
of this step is utilized as dictated by duct geometry and the
expectation of area effect. It may be readily seen that the
calculation time is quite sensitive to the number of grid
points.
Once the time interval has been established, the cor-
responding x-intercepts are calculated by subroutine SLOPE.
Values of the computing variables are then calculated at these
intercepts by linear interpolation of the bracketing calcula-
tion nodes Q, R, and S. Using these values, a rough guess
for the calculation variables are obtained for point P based
on the Riemann equations with no area change.
The area effect term is integrated along the charac-
teristic by assuming it to be a constant equal to the average
of the end values. Subsequently new values are obtained at
P through the introduction of this term. An iteration pro-
cedure is introduced here in order to obtain a more accurate
area effect term.
Upon completion of the velocity and pressure calcula-
tion at point P, the entropy term, SIG, is updated at time
t + dt.
8. SLOPE (characteristic slopes)
As previously mentioned, subroutine SLOPE is respon-
sible for computing the slopes of the characteristics. Char-
acteristics which pass through endpoints of the duct are
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calculated only for the one originating within the duct.
These are then combined with boundary values in subroutine
PORTS (Fig. 4).
Two options may be used in calling SLOPE. The first
option computes a slope on the basis of the average values
of the bracketing spatial nodes. This is the option which is
utilized in the sample program. The other option, which may
be used with appropriate changes in subroutine STEP, allows
the values in the slope equation to be externally dictated.
In either of the above options, the subsequent x-
intercept at time t-dt is computed based on the slope and
time interval.
9. LININT (linear interpolation)
LININT performs a simple linear interpolation for
variables based on the values of the x-calculation nodes
bracketing the desired spatial coordinate. The interpolation
always takes place between two adjacent nodes. Endpoint ex-
clusion is accomplished in the same manner as described for
subroutine SLOPE.
10. PORTX (port auxiliary)
PORTX is the controlling routine for calculation of
pressure and temperature variables external to the duct. If
the duct ends are closed, the dummy variables passed to PORTS
are appropriately set to zero. If the duct end is open, as
in the case of the sample program, the variables are calcu-
lated based on whether static or stagnation values have been
specified. These values are then passed to PORTS where they
are meshed with the characteristic values.
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11. PORTS (port solutions)
Subroutine PORTS controls the calculation of the ve-
locity and pressure variables at the duct ends. If the ends
are closed, PORTS provides the appropriate wave reflection
from the Riemann equations.
For outflow, PORTS differentiates between two cases,
sub-critical (subsonic) and super-critical (supersonic). For
the sub-critical case the existing outside pressure is uti-
lized as discussed in Ref. 5. For supersonic flow, all char-
acteristics originate from within the duct and hence the
Riemann equations are directly applicable. PORTS also pro-




V. DISCUSSION OF RESULTS
The computer program was initially used to solve a sample
problem from Ref. 5. In Appendix A the computed solution is
presented along with the graphical solution given by Ref. 5.
The results can be seen to be in very good agreement with
those of Rudinger.
Additional flows were considered utilizing nozzle con-
traction ratios of 4:1 and gas specific heat values c and c
of 0.172 and 0.24 BTU/lbm-°R, respectively. Isentropic values
for these conditions indicate a resulting Mach number of 2.94
should be obtained. Mach numbers of approximately 3.04 were
obtained indicating an error of 3.4%. This resulting error
is quite low considering the inherent limitations of the lin-
ear interpolation process utilized.
Tables I-V depict typical results obtained for a driver
pressure value below that required to obtain a fully started
a t
condition. Time was nondimensionalized (—r— ) utilizing a four
L'O
foot duct length. The pressure utilized was p/p of 16.0
(p = ambient pressure). A semi-wedge diffuser (see Fig. 6)
was utilized having a ramp slope of 0.05 (0=3°) and contrac-
A
tion ratio ( ^iffuser throat ) Qf Q _ Q4 _ Subsonic flow is es_
test section
tablished ahead of the nozzle throat (x=.8125) with supersonic
flow in the diverging section. A formation of a stationary
shock wave (Fig. 6) can be observed in the diverging section
(x=.8700) of the nozzle resulting in subsonic flow in the
test section (x=.8750 to x=.8900).
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Tables VI-IX depict values for the same duct geometry for
which the driver pressure has been elevated to 20.0 to drive
the shock wave out of the nozzle and downstream (Fig. 7).
Pressures necessary for starting were considerably greater
than witnessed in the laboratory. Possible explanations for
this are that the program incorporates no friction, the burst-
ing diaphragm causes a stagnation pressure loss, and only nor-
mal shocks are modeled. An effective stagnation pressure
ratio of approximately 18.0 can be observed in the nozzle.
When combined with the losses across a Mach 3.0 shock
(P t o/P t -i = • 33) , a correlation can be seen with laboratory ob-
served starting values of 6.0.
These results appear to be in good agreement with the
cited references. References 1 and 4 discuss similar condi-
tions extensively. Although they treat the diverging section
as a step increase in duct area, similar results are reported.
For weak shock waves passing through a widening duct, a re-
flected expansion wave is created along with a transmitted
shock. Additionally, a contact discontinuity is created by
the entropy increase due to the shock. The resulting flow is
subsonic in all regions; the entire process is shown in Fig-
ure 8A. For stronger shock waves region 5 disappears (Figure
8B), and at yet stronger values a stationary shock occurs as
shown in Figure 8C. Further increases in arriving shock
strength cause the stationary wave to be swept downstream as
depicted in Figure 8D. Although these distinct waves can not
be easily picked out in the computer results due to complica-
tions caused by a continuously varying area and the effects
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of the nozzle contraction preceding in the area of interest,
the general trends described above are in qualitative agree-
ment. It appears as though the area contraction has a strength-
ening effect on the shock and causes an increase in shock
velocity as might be expected from continuity. This even-
tually results in the formation of a reflected wave travel-
ling upstream. Such an effect can be seen when a diffuser is
added to a nozzle with the resulting larger pressure gradient
across the stationary shock wave in the nozzle diverging sec-
tion.
Figure 9 shows the effect of diffuser contraction ratio
and ramp angle on start-up. For a fixed nozzle entrance to
diffuser exit pressure ratio of 20.0, startups were attempted
utilizing 56 combinations of ramp angle and contraction ratio.
The results indicate that thin diffusers permit the use of
higher ramp angles than do thick diffusers. Zerr [Ref. 8]
determined similar results experimentally and advocates the
use of thin, high ramp angle diffusers for efficient starting.
Values for high ramp angles and extremely thin diffusers are
not shown since these values slip through the computational







(j> cj\ o> cr>o
>- mmmLnir* CO


































OC >0'0 0-0'O r-,--IHHHH-( rHHH--lr-t^lr-(MHH-(r-(iH-lrHMHrHHr-l
0000 00 00 00000 000000000000030
oooooooooooooooooooooooooooooooo
ooouiyj'jouoo ooooooooooooooooooooo
x ^OHM(i<j-inflf^'.ca>0'-iM^-T'r\ or—ro>o-< r\j t> <r ltvo ~- co t- o
















t • CD2 NMMNMiMNtvjr-t^OOOOOOOOOOOOOOOOOOOOOO S









•-« rnaDir\Lococria^vOC) o-rrgr^-v-Hrvj-oo C_>O OOX>'-< rvJs}--OiM<>irirMOO'-if\l'NOO Nfl'tOB?Cr^sMDOi<l«lJ-OOOOOCiOOOOOOOOOOO





> r-rvl-O'NJO O.-MCOr-Oi^JI^OO-Hr-i^-OOOOOOOOOOOOOOO c$
t- ooo^o—i tinPH'j>^inc3i^>j-inooooooo3cooooooo X
«-« 0-ncM^N4,Hinoa>ON-IJ-r00003CO'300300000 W
oo c\io j)iM<j-iriMHom^-r>oeovroooooooo noooooooo
2: •
UJ Mn-OCOOS4-O ngH?MM-lO l.n^OOOOOOOOOOOOOOO <D





-o sr f*im -rmvor-r- io ^J"«-ir-<r-« •-<•-< ,-^,-<~«,-4,-i ,-ir-H.-(,-«.-i —i ,—ir-i
ooooooooooooooooooooooooooooooooOOOOOOOOOO DOOOOOOOOO 3JOOOOOOOOOOOOOOOO^OOOOOOOOO'^OOOOOOOOOOOOOOO
X j'O'-'tM <vr.rv--or~--ocr>0'-i m n i-m or~'0 J»Or-t«\lrn vr^-oi^aocr-o





<f>0 >J*m "H rn fviir\ o •—i inr* lh co ^in -o r—mm >3" co o» -T cr> so r-mm o> ,-1X mir\'-HvOOU"\msU trr-i^-r*- Nj-mr-r\jr\iir\m.—irvimr- —< —ir- vor^Ofxiu^mO <nc^ r~u^oo in.r\ mr^<)m^o^ coco r^^mr^r\ir^Ln in u^vto^^r-iinoo





o*cr>9*c7»c*'>r— (\iL,vi'.-i.or\jor*-^~ —irxicx'sjc^mo—cmOvO ^oooo
>- inir>u^inininLnoogo> vj- oo--iiv-vOc»(Nj^'-<rfirriininr^-rncoOr-)Oooo
Q. <\JC\IC\J<M<\jr\|(\jr\|(\J ,~lvOm -OrO^>^0, ^'-,^'fMNa30H^((\IOOOOO
IIo > (^r-r»M^r»r»Mnvj)oi30'MH'-ic\jm>}-oa)HvO>T~i<rH03oooo
H- « EZ NNMMMNCMMfvJMCOMNIMHHHr-IHHOOOOOOOOOOOO -H
uj I I I I I I I I I I I I f I I I I I I I I I I I I I I I I I I I H
-P
cu t-< cd '-•'-('-< r~ii>-T-—i—too vrocvNJC_)i\itr"-H(Nj(vir-o<M<^^r<-»^raj <Juc> cd
mooo -4-—iLa^-fi^-rncriooonmo^omcovj-LncNjNj-Nr lo^-<t -o.-(voo>r^o
a. <Njmr\i,^r^onm^^r-co o^^mrM'x\r~r^omr^.^^(NJ<x>mocoomo W
s: o, r^;rvmo> r^.o^m^^ir>^cou^oo^^coaN Oc^'-i"r-r^v}"m'or\joo a
uj i^-r-r-i^-vOOvoa^a^c^oO'T^i^-^'-ninsi-r^-tTiocNjcMrororororMoooo O






> .^insoco<)u>NO<NJinovjsO(\iocom^r\jcoc^c\nnr~r\jvOir>^^ m-r^rom O
t— Hom^O'HHtMs' -ocooO'-i^OrHom-.r co crm rn to (3^ --I co Ovj- co o>-< (_>
-1 Ln^-iu^cMtar^Ovj-rHrvjorNjrn j>covO(M-ni^<MU>(Mr-i^-io jj-ac\jrj>c\iom
o mi-torooioni-yMNN^^^-o fi^o-r o-olo -ot^cor~-OLn^Ln^-io






> OLT\i'-r\j,ri'-ryn ooh-^-tsi- oc\Kj'-io<rtAOoa»m^'-iDrnf--^j> -00 X
(~ h-rgmmmr--.-icou'>u''mcoO;r\cOt~4r\joc\|t/N mcjN co r\ir-<;Dmc0 0>mrcr>o W
»-• co^OLr\c\ico-oii^,-o^r~fo~i.-4 0vjLn^-to\jo.\iOvrsOr\ii,--'-^cOi-i'iir\oc)
oo 00 ro <X> r\j vT co O O :\J ~< J> <%j cr>Q rn *4" <-> CO : \l 1-1 O -O -J" m r<"l CVJ i-» -O -MOOO





a: oor\i—if-ma'na^v}- i/^cO'^ooinr^vj-inorMi-o^—«-ocr>. jm^no-4"0 r-O ?<-i-oir\mr-'-n.T—iaj oa"'Oor--r\iin--ir\].ncr-.Or-u\i .0mo rsi r~- o^ •£>mO -Q
oo ^j->j-r-or~--o-a-j- osoa^tnin.nrMr-j^cocovr u)m-or»-cos3-vj-iv~<r^'-io cd
oo o>j-com^- j>r>cTTii>-r--cMi-HinxT\'rioooHr-t'-i-iHcoo(nooo EH
LU • • • t >. > ..t«t>t««>. .••••••
cc r-a3mmNf mm—^rsj rj--<r-rn'-<o00r-HmmmmmmmcM ~^~<—*r-<—t
0000000000000000000000000000000000000000000000000000000000000000
oououooooo'joo'jooao jo 000000000000
x o^O'-ir\jrn tx\-o>-x>'j^O'-h>J(* 1 *rmo r- cj „*>o >-< m m tin -or~ oa>o










c^ j^^ct^ avoon^ 4-0^ kroner r\i^oojrH cm-tr-<3> in rsio.nrHtn r-i
>» uijnu^i^inLrvininrn^OLCvnLr" -j-rnmcoo :ot\jt^--j-cooc\jp»(\iu> -j-ro-oo
cc r^r~r~f^-r~r--i^r~r^r^->oin>r^nrn(NJtNi^--io-oir>rgcoLnroc\i^Hoooo
t- ••• t QJZ f\|r\JCMf\J{\JMrMr\J'>JigrMtMMC\JCNJ'Nj(\| l-\JtM(M'^>-t'-HOOOOOOOOO £
LU






-J- OHHr*-OJi (j^r-o^oor-r- s^r-cr.
z. r^x>src\ic^r^<3^^ru^i^33j>o^»T'vrr-t;3u\'Hcor>-r^^-^ov rOLaLn^-<rn CO






>- t»r-ivo—(i^- *ur^-,-r>.-tr-r-.(Ti aji^i—Lr* op- .j- rn rg --i ( \jo cc r— lt\oor-m -o G
•-h r-rgo^Hfir-r-r- -o-OiA>-ta^r--o'-o JO-r-^-g- -o-j- t r0g3-.fr- eg rn vOop- C_)O OmOinrOO'Mr-a^ g--4"iM:0Oinj>00xtr-r\|.-tOr-4(M,-r)Lf\r--00>'-\|'NJOO v0or^^C0030>^^CMin:nO^ Of^OJONu^^OOaDCOaD^OTDCO j003Cf>Ost-
_l rH
UJ OOOOOOOOOOOO O'H'H -<-•'-<'-<OOOOOOOOOO O.-HrH
> M
ro i-t-r r~oo co c> 00 oocnj AOi"~r>--j-oo^o.-t.x)o, a>'j-\c^^^-tGo 1Hir\ £
>- L^a30h--d-r<iu->^-OOr»-cr>0"0^io>oj|---<(M'X)iti.->^o^j-cOi-<-iO;n-0 ctf
h- yc\jooo-£>o<\jr--r OsOv1-~icmv- cg-u g- og-ogovgo- cooo^o L[>co;g ^n X
•-• f^'-nc\iavro o -j-4- •)—1 O'o jo:nrnr~<x) .4- ^-. or-- r-N-c^r-'-ir-eg,>- org j> W
to r<tc7>«-'^og-J> r~inour\oj>-u<fvOO'-^cr'coco o-J'r^wo-Of^.ror-grgo-'O2
lu ajr-r-r-OLamm.'0i<v<i-^» -i-rgrH^oorq^aovocNiegrgrgrgcgogeg-H
M
lu m<r Osfr-(^t^r--i'Orgao lnr--4-rNjcoiv-LAo,>oo^r0 3Dr-'-4'rg .j-crvaxfir-r— O
cc conJ- -oo^i-o^r- o <i -o^rii—i-o—<r--o ~r--i om~i-o^ n—io--isr Oai^ r-i3 co-Njr-oo-oo^x) —i-Mocoo-gr-^i-or-Lnr-cor-vj j-coo.o^r-g-o .Q
CO ajrnco g^i-Org Xi^ar-i-g- x\mi\jri"l.\|(-'jco -OOI-~^Org:<~i.MC^O r-Oaj .Q ^ rt
v/> •4-OLn--i>r oas^oco j>i^-r— i—'-Hirico^^rria^a^O'-t'^—i--»o-iocx>tn E-"
<x
-o ouvng--Tr<V"\ic\|Ajc\j,-ir- pi—100OO rg.NrorT( , Hrio"irOiT(OtMiM'-<
a. -h^—(--1^-»
0000000000000000000000000000000000000000000000000000000000000000
<_> o oooo00 j>oo oo oooo o ooo oooo oooooo





in -^ -J- ino co r-o •-• O —<N rf> in o^ i-h c\j <m xf ro —io <f oo co co ino ro o> O Is-
o) <)o (N co in —t sj- sj- r-- r-i r\i od u-\ -o in in .^ rn co rn coo -r in r~- »r %r h- oo rg jo
o momo(7>^-^*r-cr'^J'-3-c\jcor*- i-nrn^cr>r*co^o^o3r~vO or^-sor^-ooi^-
<t r^cocoij>Ji o^^'^'^rNjioin^~o-Hin(X)o^oo> ^TOcocococoTDcocooN o.-i
2: •• •• •••OOCJOO-<^OOOOOOHrgt\J(\lt\jniOOOOOOOOOOO^'-l
to
CO




cc r'-r-p-r-f^-r— r^r^-r-r~r-.o o^o^^inininin-j-rO'-HOco'-nrnoaovG^cn
h- t... <D
UJ I I 1 I 1 I I I I I 1 I I I I I t I I I 1 I I I V I l l 1 1 1 I -H
Eh
coco^in<^u>io^o-J-' ,J>'-<-oir'iLn^Tin'-^ix>r'ia»u'>(\jrnr,)r-u>ooo<_»o co<; -p
—tco-"Mr-^T"Vi-,Tin.-<-(,Muir\ii"ni><ro j-nh^^hm-«nrsjocor-cooco d
a. i^^r^aot^OrMO^<3i^r^coin^~o^,viiNiu^oor~-cNivoa><jrgrficr>'j, Nj-
2: u"\ vj- ,-n r-4 1^' x> r^- -r <r ^r-rcnrMinoomof^-oirico—n-nr--—<>o:\j'j^ j-.^oac w
lu r»r~r*-r-o-o-ocj>a>CM>cAco o^^fsrrorovO-o^-f-^ojcoo^c^co^o c
oOOOOOOOOOOOOOOOOO OOOOOOOOOOO -H-t^rW
>- >r r^ino^^ir>vj-o^i-o^coc7><jor^-rjuarg.'\ii'~co»3-c:3nif\ONOcy.—ir-i CJ
j- aor-u^o^.<v~i^r~ornin-£(OvOvor\i^^^i^<oinor-—<inM:o^r>jor-- O
>-i NOc\io>o-T ii>rntnu'* t-(r"-(s-r\jc\i C7>r-icoou> nOCT*-j-.-i—imccoo^rocaMm O
o ^n om\i r^ ^i ao --< so 00 <f inoo^mr^-^oom-j-or-m-ar^coo-d-ino^ ocm
o vO jd r- i^- co "o a•-• --<Mroa% cornin^ Is- co co r-r^-r^-r^r^-r-- 3000 x)roa*0(\i




r-«,-(r-m>r^ i-ncMx^iM'JN Ln<}-<jr~-(M>tor~iooxM^—ic-gop-xt-co j><t- £
> o co 00 C-o ^0 -J- <f co vj-oo^'i ^r^-Or-io—icomOir\incr"n—ij-NiniM^i aS
I— r-inm'-rocoocMr-orn srom ^)r~r^o^co^o^—ioiMCM«MJOinr~roojr-)^-) X
•-•







lu cor^oo-xjvO^Nl- :o—<ror-r~r~mf^->foO'--'4- -o <fo->m—(onc\is4-u~\ -or^^org 1—
1
ct. tr»o<rHCMoor-<cojor\o-OLnj2^i>JH(na>iio^t''ior,-cncor3or(ivro .Q3 4-r^-vOr— }-co.-ir~'\ic^>d-r^rr-|i\Jr\jc\j -G—ioo>-oocoLn—* o -4- vO ri in -* -J- ca
1/) jn j^cg joocoMcoi'0'-<o33<r n n-j-ifiomoo -0^0 oj- u5s).^'.-ovocor\i H
1/) o>vOi'0cr>-$-'H0">T3cr>'T>r---'C;rM—c-ncoin>i- ro:oc?>ooooc^co'»r>-in»joo
LU • »•••••
o: in >n x» si- -4- <r rom c\j cm . g —<r^-^—toooo^MinMmiiiMojiNj.M^rNj-
<
0000000000000000000000000000000000000000000000000000000000000000UOUOOOOOO^UOUOJOOOOOOUOOOOOOOJQO
x tr>o—i.gm-rm a> 30t7, o—*f\i "O-4-in -or*- cou>o—tcvicl -T inoN ajj»o













































UJ I I I I I I I I I I I I I I -H
E-"
•rrnm^MJM'iorqiDMiii-r^i'ioooooo'JOOuooiJoooo +j
>ocsjorr>oooo3^h- com mr^r^-o000000000000000 O «$
a. m <fr~- >r u^rocoou-\Ln -000 CT>rH--io0000000000000000
2: (v/B^lCOO^^N^B.-n^ifHAOOOOOOOOOOOOOOOOOO CO
LU O00C0r~N- -OvOr-CT^ NjLO^xrOOOOOOOOOOOOOOOOOOO C
!- OOOOOOOOOO-IHHHrlHWWr-lHMH-I^MrJ-IH-tH^H^ -Hp
•H
>• i\ir<-):ooc\ja>aoir\cj, o:ou^cocr'r«- $3
h- r^-co-rno •omr~.-ir~ 0,0-otnr- O














-J" C\|O 00 -O L!"\ -C lT> nJ" <i" rO <M —I—• •—l.-<f—Ir—I •—<—I ^H^-I^-I^li—I—Ir-I^Hr-l—I —4
>
UJ h--tO^<MCO^TiOcOO XI.^JCOOCO.-NJOOOOOOOOOOOOOOOOO <D
oc o—<mr--;r>T3N}-i'\i oajincoLpiror-toooooooooooaoooo o H3 'Oin^'.linDMO'MCM'-iO'-n-tOOOOOOOOOOOOOOOODO .a






x oo—f'Mrn -j-'-o-or- -c j>0"-''M'"ri <rx\ or^-cocr>o^<f\i.-n-d" n ot^- o>o




m -q orgomoto aoo>r & -oro -o.no 00 rOp- —I






ro.-orOrOrO f—t OCT'O OrO'OcOgDl-O—'O
>- r*Nr-r-t^i\ioi">jvotv- rJ'-i'0(Njf-i~oooo
cl mmm:.nmrocr>inroav:oorg'-Hco j^-j-oo II
Qt ^(JvCT'(MJ>(?!J>O^HinO'Bi'f)f\IOOOOOOOOOOOOOOOOO <L>
I- • ¥.1.. E2 MMf^NMNMM^N-MOOOOOOOOOOOOOOOOOOOO -H





z: i^-moo j^u^ro^rnr.) o oo<J>m^r\jcr>moooooooooooooo C
lu ija)coNoj>ooi»o.Mt^mrf)<f(\ioooooooocoooooo O
H- • • -HO0O00O0 00~<'-<'—<—•'-('—<'-<—!—<'-<—<'—<•—t'—'-^-—<>—<'—tf-^—i '-*—!'-< • "^
T3
a
h- g3c^ororocOvO-.Tror%-:o^rocr>cr>rocor- dig O
•-h moN '\iiAU^™<r-(rs-ot\jr>LnvroLr<'-D(T>=oa^oo





f*- egorg—lOcoooiriinr- oojdnn^onhooooooooooo J*





lu -4-rg—ia x>g3^Qr-(J»av:op-mfOrgrg—i—>—i—i—4—<r-ic-c—t—* .— .—i .—<—i—«—O l-lc-«i-|.-H J"*
lu roi*- ;f-o—tr-o—»-fT3.-i —ivf.-gj>covor- \j~g—iooooooooooo ^
a: iOrg-otnN-oc^m 4"0^4-—i^ro j>Ntooo-t^oooooooooooo rr
73 5)\*^MOO0NHOUM71 Ul-l"»-«0'-i(j\,rioooOOOOOOOOOO -^
00 —I CO Al rn -Tt _nt -OO CO <j- <K?0-1—ICO^—I—IOOOOOOOOOOOOO ."
oo n^Hoo-fO-t^mcoo>Ni-i('\ij3in^oooooooooooooo c-1
LU .................••.•.....•.••.•





X o^o-^rg-ii^'-Ti or-coo»o -' rNjrOvf 'O o rv- ,T)^o--<rg"-|^- ! ovor>- «0">O





cor- o^oorgf->-j<fcoo^ co vt-inr-cr>vO r»r»- coco merlin oj^^-r-ior-^^
f\jorr>f~oi-ncorooor^-roT>'^'atMi—i^^o-fcom rgcoi—co.-Hcoc\jcofO<\j
X ir\(Mt\jco'J^CP'i)c\j'Nj>rrfi'--40vj-i^.mo<jrnr'ioonirM>T Cir-O—ioimc\j
o o-o<Mx>o>omr~u^4- ^"'MJ- fs-LnNf c<T-^ocn-j-(\iOv0c\i jvco-omr-r-(.--«
<t r- r— coco o> o^Hr-ir-i<Mr<iLno-o^^Lr\ ooo •-<—< --«vOO^cr> :o coco ao cooio




p- r-r--r--r-r-r--i^-r-.-ir--r~ cocoa* cmmoo oLn--t<r sTr^cvicoo^-r^-cocnin
a cr»o,<o>CM3>'cr>cj*oo> r*-rsjir\o ~omo> sQCM^coao—t 4-cocr>.~iTO-H'-<oocp>Lr\
a: c^^a^o^ j^c^o>^c^c7^CT>cocur^-r~-<> v0^i-nun^--r (\jco-T'^r~-ir\rorHoo <D
t- v bZ (\lf\lr>|tM(\Jfv|rjtMcM fMOJ'Ajrvlrgogc\) r\J^J(NJiNrsJoOf\|'-<'-<'-<000000 -H
uj i i I i I I i I i I I i I I i I i i i i I i i I i i i i t i I i H
-P
cm co ct> -$ co t*- -ro <-* 13 cm ir\ cooo co cr> cr> cmm tr> r— coom <s\ ."M o> r~ co coh
Ql OinU^rqNvf CMOfO«TOCO^cOvQCM Cr»OOO>Tv0 0Or-iU^CMin>i- ''OrHC/>r"- W
2. r^ir\co(NJU^r^^-r ^sr ;nu^rni^inr^r^jNcoaDco-4- ^r^iNJi'<'i"vj^tO'"\iaoco C
lu r^r-r^^^^oc^cru^ ^co^o x»-^-^co^coro >!!»«•coo^O"-* eg cmco cm^ O






o i-i ,oo:ncoOvr.o:oooroo<j-r-oincojO'-«-o-J-ir\ o r» cr> r-i >r -J- -oo in <n
o vOyor~-f^-foo> o>'-t'-<(\)mir\'> co^or— co to oa^cr* Is- jo cocoes o<^ o^o—« >*• cm





r^OsO ?o;r\cvi _nc-j^-<ois-iA^-^-i(\io rMr^--H(0 33crioccicococ\iir\i^-^)OvO d
>- <«:^corMroc^^como^^oc^oooa:>oooin^o>-'-~iro^-to^oc\iiriin X
(— ^<f^cj^<)<r^vtc\jcO[^O^OCoocO^»^<oa*Or-<rco<rinc£>^cTi,o<> (k|
•-< CO ?0 CO -H rO OMnO CM CO Dr*-c0lf»C0pVr>^-<}'a»--O'OCO—ta->O in-J- °0'\JCAcg
vj <tvjoc^'j3 0coOi-«c\j^i^>rcoo3^cMiiv\it^oo**tr*r^orncj»r«-:r\<j-o»o
z








UJ vOinCMOCT>ijriC?>^33 O'rt COO^cO^CMtO CM coding} r>M3 0^cOO >-lir*>^f»-




t/> >oNoaocr'r>-r-^ir\o>nr'i-r4-icio^rc\.-(-i lnoHMHN^HOOi'c» ,q
</> a> >! ovo o 'J* go otm cmoh-voo^ogDsr -4* -r>4" gaco-f 4, »i- mrn-r>rvr-cr> rt
cc r-r^go om-T>r-o 0'0-o]-ra.T|HHoooooomn'i',ni"nrrim;Tn'\iH
OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO O00000000 0000OOOO DO000000 00OOOOOO0000 o^o 00000000000000000030000000
x o^o-hai "O^r avor-- jcvj»o—« ~^i«\<T n-or— cdt>o-—i'\i"ONri.cvor- 23^0






-'T'-, o^ois-r<*ia>--<LnLnrti-HvOLr\u-\a»-^-^-o^oooX c\j(Mu'\nior«-(j»r~r\jif\xT r'»>0(Ji tr, (T><T)iM'-tr\Ju>ou'-»>o HHina>oa> i/>—
<
o xj- cr>xt oocoroxQo^xt-j-iM oOxTro^CM^-o^oom^tMC^CMrixtvr mf\i




r^rOi-nrOrO'^OrrirOvt—I'TTNivOCM^X^-xtfx-Oxt rOxO NO0>r— OOrnOOxJCT" CQ
>- r^r-f^rx-r-r^i^r~ojv\jf\i oojr-ixj-(^OvOfM<>tf\r-ioo>oOvuinaDsOr'iLr\iO
a. ininLriininLnin ij^<r<ra)vri^xO ,^ooc^ ,^vroaOxr> i o(Nio?'Jor~-vo--<xrr<-) sj-
o tntMJ*u>a> oo^cr* o"> to in <\ic;>r-inro^o^r— <r <\i oo inoci»nr~ ro^<\ia>c\j II
a. c^c^o^c^^\^o^o>c^^o>c^ o no aaxro r^-r-r^r~xo xO-Oxj-^rx. vj- .Hooinxj-
f- .....t gj
UJ I I I I I I I I I I I I I I I I I V I I I I I I I I I I I I I I -H
ir> eg y> u ^ c\j r— c\j i/mn cm .—i in vo c\j < \j c\j xr—imuj xr<\i--iLn--«u>i-i<-i inr\jt_>o .p
xj-in^o>ocn~<xOvo.7^'-<-o^^co<T>r-(CjNp~ro(^oooo—iir>co<f oa^ o"^r<">x}--a rt
2: -£)vf ,-^r^ij>r-o vt-Tvr T^rM'-ncrv-norx- .0 OxOvor^-ricorx-mcMooo.-t^ CO
- oOOOOOOOOOOOOOOOOOOOOO OOOOOOO-t-t-H-* -H
-p
•H
>• cna*xT-^rgT'c^c^r^jino^OxrinrnxOc\i<r> ,j^xr^oia.^^u>c\i'^r\j«i-c>o C
I— r^o^^^'^^'J^MOxOogxrxUOrNj^-iOxorii.Nic^rri'.axr-H'NlcocNin-xr xT'-r> O
•-* r~xrxj-x0LnLn'7Nr\ir--03ir\a-\xra> , r\i—f xuxo -u(^-r~-oo o—t^-c^xTxOmxO O
o xrco osi-o^aN i%j^oxrnroot^xrr^o^(\ixr^xOi^'Oi^oor>-r-ic\ixt,-oa>r~-
o xo xo r*- r*- co to cr ~< —' >m "^ 'naoroin^r-co <x> tjcd nocom o-* roo cy> c> ct>o<\j
-• CM





> 0'MNxf-x)irio^('no^-ta, -x)in-j-H('ViMs'00^fri<i-xri,~o-oor>->f(x.co d
I— xOOrO'^xOxOxOOco^cMOa3xT^^'Hr^o^ocr'roo,'x^xOxi-rno(\ixtrx- «
-h O001A-HA1 -Ocn'X>Or<VT> Ofx-T|—(og'x_,n rxicO x}- COX -t >-t CX- xfO *~ xO •-< W




UJ '-HlAfOxOCOxJ-rOOOx) Xf^r0l^-O'OC^C^r0Cri O00'--''N00<T>x0<Nl00'rvC^'--^O
a: in-tmxr>--Oxr>n--j-'-riooo-Oxr £)Ot^r-0!Aon^-rxj«oxor-co-j-ocNjxt r-i3 0^-lO'-ix^ts'Stci^((x.rri^ic> ,J''J'xfH'TiHinO(^^J Oinj^f<1i-'in^'J0lv- J2






X C7^O »^ c\> ro xT ir\ -O "~ '"O 0»o ^n NirOxTu^xO I*- 00 fJ^O'-^rg.-Oxr in or—ooa>o









































Figure 8. Waves Resulting From Shock Wave Passing Through
















































VI. CONCLUSIONS AND RECOMMENDATIONS
The developed computer model appears to give satisfactory
results in one-dimensional wave analysis of the diffuser
starting phenomena. Only a few of the possible parameters
have been varied thus far but the program may be used for
more extensive studies in a number of areas.
The high contraction ratio nozzle did not appear to vio-
late the implicit quasi-one-dimensional assumption. Reference
1 gives the criterion that the axial component of the flow
velocity and its derivatives should be larger than the cor-
responding transverse component by at least one order of mag-
nitude, to satisfy this assumption. While this criterion may
be overly restrictive in some applications, it must be abided
by in high contraction ratio problems.
The program appears to have no difficulties in the tran-
sonic range where one of the characteristics develops a ver-
tical slope. A problem was anticipated in this regime, and
slope and interpolation equations were written so as to avoid
indeterminate forms.
One of the most restrictive features of the computer pro-
gram is the time step dependence on grid size. The interpo-
lation process requires that the characteristics at time step
t + dt originate within one spatial grid space at time t.
Thus in decreasing the grid size for more accuracy one must
pay a high price in calculating time.
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As previously mentioned, extensions may be made in sub-
routine STEP to include frictional and heat transfer effects.
Additional changes may be possible to include other boundary
layer phenomena.
Studies so far have been based on diffusers with a lead-
ing ramp angle followed by a constant area section to the duct
end. A similar study may be done on a full wedge diffuser
(converging/diverging) in order to gain a more complete pic-
ture of diffuser effects.
Reference 2 documents the results of several applications
of the basic techniques utilized by the program. These in-
clude a shock tube, supercharger and pressure exchanger.
Program SS DIFFUSER may be used for constant area shock tube
problems by setting the diffuser wedge angles and nozzle
sinusoid equal to zero and utilizing the closed end condition





The following problem was taken from Ref. 4. The compu-
ted output is presented for comparison with the graphical
solution presented by Ref. 4.
PROBLEM
:
A duct of constant cross section is filled with air
(Y=1.4) that is isentropically compressed from atmospheric
pressure to Pi=2.83. The duct is suddenly opened to the at-
mosphere. How does the pressure vary at the closed end of
the duct?
SOLUTION:
The pressure history at the duct end is depicted in Fig-
ure Al. Close agreement is seen throughout. Initially an
expansion wave travels toward the closed end and is reflected
back to the open end. The open end condition causes it to




There is a slight variation of results in the vicinity of
the shock wave where the computer solution depicts a finite
slope instead of the predicted vertical discontinuity. This







































































Fraction of maximum allowable time step
Velocity variable
Local Mach number=U/A
Initial 'AM' in duct
'AM' interpolated along 'N' character-
istic
'AM' interpolated along 'M' character-
istic
'AM' prior to inclusion of area effect
term
Pressure variable
Initial value of 'AN' in duct
(low pressure side)
Initial value of 'AN' in duct
(high pressure side)
'AN' interpolated along 'N' character-
istic
'AN' interpolated along 'M' character-
istic
Duct area (in ARAT)
'AN' prior to inclusion of area effect
term
Subroutine name



































Slope of 'M' characteristic
Slope of 'N' characteristic
Slope of 'S' characteristic
Maximum of BEM, BEN, and BES
Label for common block
Label for common block
Label for common block
Label for common block
Label for common block
Label for common block
Specific heat at constant pressure
Specific heat at constant volume
Label for common block







Label for common block
Fraction in linear interpolation
Integrated mass flow into port numbered
1 NPORT
'
Ratio of specific heats=CP/CV





































Area effect term along ' M' character-
istic
Area effect term along 'N' character-
istic
= 1 If port static pressure supplied
= 2 If port stagnation pressure supplied
Index identifying port 1 for left hand
port, and 2 for right
Indicator to route computation 1 for NC
flow closed port 8 for super-criti-
cal outflow through fully open port 9
for sub-critical outflow through fully
open port
'IND' at left end
'IND' at right end
Subroutine name
Index, =2 if end closed, =1 if end open
Alphameric symbol identifying end
Alphameric symbol for right end
Counter




























Location of diaphragm in duct




Numbers of grid intervals in spatial
direction
Numbers of grid points in spatial
direction = N+l
Number of port open on left hand side
Number of port open on right hand side
NOVALV = 1 Implies right end open,
closed for all other values
Plot control
Print control
Number of time steps
Subroutine name
Pressure
Duct end opening (if open, if closed)
Sinusoidal angle in ARAT
'PHI' at left port
'PHI' at right port
Initial pressure in duct (low pressure
side)


































Stagnation pressure at duct, right
boundary
Stagnation pressure at left end (exter-
nal)
Stagnation pressure at duct end (exter-
nal)





Ratio of stagnation to static pressure
'PR' at left end (external)
'PR' at right end (external)
Label for common block
Static pressure (external)
Static pressure at left end (external)
Static pressure in port 'I'
Static pressure at right end (external)
Dummy argument for 'PXL' or 'PXR'
Limits of output plot
Label for common block
Label for common block
IdaDummy variable in ARAT for . ,
RAT evaluated at C(I)
RAT interpolated along 'N' characteristic





























Dummy variable in linear interpolation
Dummy variable in linear interpolation
Dependent variable, function of entropy
SIG interpolated along 'N' characteristic
SIG interpolated along 'M' characteristic
Initial value of SIG (low pressure side)
Initial value of SIG (high pressure side)
Slope in linear interpolation
Subroutine name
Stagnation entropy at left end (external)
Stagnation entropy at right port
Label for common block
Subroutine name
Temperature
Angles in diffuser geometry
Initial temperature in duct (low pres-
sure side)





Stagnation temperature in duct, left
boundary
Stagnation temperature in duct, right
boundary
Stagnation temperature at left end
(external
)
Stagnation temperature at duct end
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X(I) x Spatial distance
X1(I) X interpolated along BEN
X2(I) X interpolated along BEM
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